Abstract: Stability of pathogenicity in continuous in vitro cultivation is desirable for the purpose of large-scale production of a mycoinsecticide. Fungal biocontrol agents may lose virulence when maintain on artificial media, resulting in products of commercially inferior quality. In this research, two isolates (DEBI007 and DEBI008) of entomopathogenic fungus Beauveria bassiana were investigated for their stability following fifteen serial in vitro transfers assaying virulence to mealworm larvae, conidiation, and hyphal development on artificial culture as some fungal virulence determinants. Moreover, role of insect cuticle on fungal virulence restoration and protease 1 (Pr1) activity was considered as the most important factor. Although radial hyphal development and colony colour on in vitro culture was not affected following serial transfers, conidiation and Pr1 activity of both fungal isolates were reduced remarkably after fifteen transfers compared with control. Similarly, mean lethal concentration (LC50) values were increased as the number of serial transfers on artificial diet increased, although these increases were not statistically significant in both isolates as the confidential limits of LC50 values were overlapping. Our results revealed that attenuation of entomopathogenic fungi following serial in vitro transfers is a combination of interconnected factors. Other probable components such as pathogenicity determinants in this interaction should be explored in next researches.
Introduction
Beauveria bassiana (Balsamo-Crivelli) Vuillemin (1912) (Ascomycota: Cordycipitaceae) is a ubiquitous entomopathogenic fungus which has been isolated from a wide variety of insects, soil, surface and interior of plants and air (Zimmermann 2007) . It is the most widely used species available commercially and products based on this species are available for use against a very wide variety of insect pests (Goettel et al. 2010) and are used in different countries Wraight et al. 2001; Copping 2004; Zimmermann 2005) .
There is much interest to develop entomogenous fungi in the control of arthropod pests as environmentally friendly alternatives to harmful chemical pesticides. Stability in continuous in vitro cultivation is desirable for the purpose of large-scale production of a mycoinsecticide (Vandenberg & Cantone 2004) to ensure the consistent quality of the marketed material throughout the mass production process (Brownbridge et al. 2001) . Fungal biological control agents may lose virulence when maintain on artificial media, resulting in products of commercially inferior quality which give inconsistent control of the target pests and ultimately influence sales. They are notorious for losing virulence when repeatedly transfer on artificial media. Degenerate cultures are a major concern to manufacturers of fungal biocontrol agents since batches that are inconsistent in spore yield or virulence will make the product commercially unviable (Butt et al. 2006 ). Although there are some reports of unaffected virulence of different isolates following repetitive in vitro cultures (Hall 1980; Ignoffo et al. 1982; Brownbridge et al. 2001; Vandenberg & Cantone 2004) , decline in virulence has been documented in some other isolates of entomopathogenic fungi, such as Entomophaga maimaiga (Hajek et al. 1990 ), Lagenidium giganteum (Lord & Roberts 1986) , Metarhizium anisopliae (Al- Aidroos & Seifert 1980; Wang et al. 2003; Shah et al. 2005 ) and B. bassiana (Samsinakova & Kalalova 1983) , and some others (see, e.g., Butt et al. 2006) .
Ingression of cuticle around a fungal penetrating body suggests mechanical penetration, but this does not preclude a role for cuticle-degrading enzymes (Charnley 2003) ; i.e. fungal entomopathogens exploit of the combination of physical force and enzymatic degradation for host cuticle penetration. The most prominent endoprotease in cuticle cultures of M. anisopliae is a protease 1 (Pr1), an alkaline serine protease with an essential histidine residue in the active site, which plays a major role in insect penetration and subsequent pathogenicity (St. Leger et al. 1987 , 1988 , 1996 . Pr1 genes were identified and cloned later in M. anisopliae (St. Leger et al. 1992 (St. Leger et al. 1991 . Most studies for elucidating the influence of serial in vitro transfers on fungal pathogens have been done using parameters, such as conidiation, virulence and germination of conidia (e.g. Hall 1980; Vandenberg & Cantone 2004) . Simple and easily available nutrients in artificial and synthetic fungal media render a decreased virulence of fungal entomopathogens by switching off the involving genes and affecting the spore-bound Pr1 activity and germination potency (Safavi et al. 2007) . Insect cuticle has more complicated carbon sources culminating to a lower carbon/nitrogen ratio in conidia using it as food source. Therefore, insect-passed conidia are of higher aggressiveness and Pr1 activity (Safavi et al. 2007 ). Author's recent studies (Safavi 2011) revealed that serial subculturing on artificial diet can reduce Pr1 production and consequently virulence of some isolates of B. bassiana. There are some reports, for example Hayden et al. (1992) and Shah et al. (2005) of virulence recovery in serially passed fungal entomopathogens after passage from insect body.
In this research, we focus on the role of insect cuticle on virulence and Pr1 activity on serially transferred conidia of B. bassiana. Moreover, there are some contradicting data on attenuation (Samšiňaková & Kálalová 1983) and restoration (Brownbridge et al. 2001 ) of virulence of B. bassiana following serial in vitro transfers. This study concentrates on: (1) assessing the attenuation of virulence in two isolates of B. bassiana following 15 serial in vitro transfers by measuring the colony diameter, conidiation, and virulence; and (2) possible role of the insect host cuticle on the Pr1 production ability of serially passed conidia and their virulence towards host insect.
Material and methods
Fungi and insect cultivation Two B. bassiana isolates including DEBI007 and DEBI008, respectively, from soil and Chortippus brunneus (Orthoptera: Acrididae) (Biological Control Laboratory, University of Tehran) were used in these experiments. Fungal isolates were cultured on SDA plates, kept at 27
• C in darkness. Conidia were serially transferred 15 times each two weeks on SDA. There were three replications of each subculture (5 th , 10 th , and 15 th and control) prepared for each fungal isolate. Subculturing process was repeated twice. Conidia were harvested separately from each plate after thorough sporulation. These conidia were used in bioassays and Pr1 induction.
The host insect used for bioassays and Pr1 activity analysis was mealworm (Tenebrio molitor L.) obtained from infested meals. After species identification, insects were transferred to plastic containers (30 × 20 × 12 cm) containing 200 g meal as food and maintained at 25 ± 1 • C, 65 ± 5% relative humidity, and 16:8 (L:D) photoperiod. Larvae of second laboratory generation were used in experiments. For preparation of insect cuticle, internal parts of fourth instar larvae were evacuated and washed out with distilled water.
Remained cuticles were homogenized in liquid nitrogen using a mortar and pestle. Then, homogenate was dried at 70
• C and grinded again to fine powder for application in enzyme induction.
Growth rate and conidiation A small mycelial plug with 2 mm diameter was taken from the growing plate of each isolate on SDA from first culture (as control) and different subcultures. Each plug was transferred to the centre of 9-cm-diameter Petri dish containing SDA medium and kept at 27
• C in darkness. Rate of hyphal growth of each isolate of B. bassiana was assessed using colony diameter measurement described by Safavi et al. (2007) . Briefly, it was measured five times for each isolate at right angles at three-day intervals and mean radial growth (mm/day) calculated from the linear portions of the curves plotted from these data. The experiment was repeated three times. Numbers of conidia on SDA plates were estimated by suspending the 10-mm plugs of fully sporulated media from each of mentioned subcultures in 5 mL of 0.03% Tween 80 and counting the spores with an Improved Neubauer Haemocytometer (Weber Scientific International, Ltd., UK).
Pr1 induction
The production of Pr1 was investigated by inoculating an inductive medium consisting of 10 mg/mL of insect homogenate in minimal medium with conidia from different subcultures. The minimal medium consisted of (g/L): 0.3 K2HPO4, 0.3 MgSO4 · 7H2O, 0.15 NaCl, 0.3 CaCl · 6H2O, 0.008 MnSO4 · 6H2O, 0.0002 CuSO4 · 5H2O and 0.003 FeSO4 · 7H2O. The inductive medium (18 mL) was poured into 100 mL conical flasks and autoclaved at 121
• C for 20 minutes before inoculation with 2 mL of 1×10 7 conidia/mL from 5 th , 10 th , and 15 th subcultures and the original culture as control. Cultures were incubated at 25
• C, 120 rpm, in a Gallen-Kamp orbital incubator (Sanyo). Each treatment and the whole experiment were repeated twice.
Samples for the enzyme assays were prepared as follows: (1) 1.5 mL culture filtrate was collected in an Eppendorf tube and centrifuged at 12,000×g (in Sanyo Harrier 18/80 centrifuge) for ten minutes at −3 • C; (2) 1 mL of the supernatant was stored at −20
• C until required for enzyme assays. Samples were collected at 24, 48, 72 and 96 hours post inoculation from each flask in sterile airflow condition.
Enzyme activity
Pr1 activity was assayed against succinyl-Ala-Ala-Pro-Phep-nitroanilide (Sigma) as described by St. Leger et al. (1994) . Assays were conducted using 96 well microtitre plates (Dynatec). The reaction mixture contained 50 µL of 0.1 M Tris-HCl buffer (pH 7.95), 50 µL of crude enzyme and the reaction was started by adding 50 µL of 3 mM substrate dissolved in Tris-HCl buffer (pH 7.95) to each well. Absorbance was read immediately for 3 minutes with 12-second intervals between each reading in a Lab System microplate reader at 405 nm wavelength. Enzyme activity was calculated using the Ascent software. Each sample and the whole experiment were replicated twice. Controls consisted of buffer and substrate only and did not include culture filtrates. Enzyme activity was calculated as nmol released p-nitroanilide/mol/min.
Entomopathogenicity of isolates
Fully sporulated Petri dishes were harvested and fungal suspensions were prepared using sterile distilled water containing 0.03% Tween 80 (Sigma) carrier. Fungal concentrations were estimated by a haemocytometer and adjusted to 10 4 , 10 6 , and 10 8 conidia/mL from passages 0, 5, 10, and 15 of each isolate. Thirty (fourth instar) larvae of mealworm were immersed in 15 mL of fungal inoculum or sterile distilled water containing 0.03% Tween 80 (control) for 25 seconds and the excess moisture was withdrawn by filtering over a vacuum in the Buchner funnel. Treated larvae (in groups of ten) were kept in each Petri dish lined with moist filter paper (Whatman No. 1) without food at 27
• C in darkness. Mortality was recorded daily for 10 days and cadavers were removed and maintained in saturated moisture to encourage external sporulation. Bioassays were repeated three times. 
Statistical analysis

Results
Growth rate and conidiation
There were not statistically remarkable differences in hyphal mass diameter among control and various serially transferred fungal colonies of DEBI007 (P = 0.1098) and DEBI008 (P = 0.4883). In DEBI007, fungal mean mass diameter varied between 4.20 (±0.22) in control and 4.03 (±0.16) in 10 th passage (Fig. 1) . Conversely, conidiation was considerably different among control with tested passages in both DEBI007 (P < 0.0001) and DEBI008 (P < 0.0001). As can be seen in Figure 2 , the number of DEBI007 conidia declined from 3.34 × 10 7 /mL in control to 1.70 × 10 7 /mL in last in vitro passage. Similarly, lower conidia (0.53 × 10 7 conidia/mL) were produced in 15 th passage in comparison with control (2.39 × 10 7 conidia/mL) in DEBI008. Comparison of control and 15 th passaged plates in both fungal isolates, showed higher final radial growth of fungi in control plates. In contrast, serially passaged plates revealed fluffy growth on SDA plates resulting in lower conidiation compared with control (Fig. 3) .
Pr1 activity
Results of Pr1 production for different isolates are shown in Tables 1, 2 . There were some variations in enzyme production by fungal isolates and enzyme induction was accelerated in 48 h cultures in most circumstances. In DEBI007, Pr1 production was statistically lower in 15 th passage especially in 72 h and 96 h culture filtrates in comparison with filtrates from other passages (Table 1) . In DEBI008, there was not statistically any difference among enzyme production in original culture (control), 5 th and 10 th serially in vitro passed conidia at 48, 72, and 96 hours. But, 15 th subculture Fig. 1 . Radial growth (mm/day) of two isolates (DEBI007 and DEBI008) of the entomopathogenic fungus Beauveria bassiana in different number of serial in vitro passages. Different passages of both isolates had not statistically significant differences. Fig. 2 . Conidiation (×10 7 conidia/mL) of two isolates (DEBI007 and DEBI008) of the entomopathogenic fungus Beauveria bassiana in different number of serial in vitro passages. In each isolate, columns labelled with the same letter are not significantly different (Tukey HSD, P ≤ 0.01).
represented a lower Pr1 activity at the same times (P = 0.002). As its activity was 2.11 nmol released p-nitroanilide/mol/min compared with 2.91 nmol re- leased p-nitroanilide/mol/min of Pr1 activity in original culture (control) after 96 h incubation. The same trend was observed in filtrates of DEBI008 after 72 h incubation ( Table 2) .
Entomopathogenicity of fungal isolates
Significant probit line slopes showed that they are considerably different with zero and dose increment had remarkable effect on increase in larval mortality. Slopes of probit lines were variously altered among control and different fungal passages. In DEBI007 (Table 3) , probit line slopes had downward trend from 0.56 in control to 0.28 in 15 th fungal passage. T-student analysis between each two slopes in this isolate revealed that slopes of 10 th (α = 0.05) and 15 th (α = 0.01) fungal passages were statistically different from control slope. However, according to Table 3 , there was not a general trend in slopes of probit lines among subcultures of DEBI008 with slopes fluctuating from 0.39 to 0.45 no remarkable differences among them.
As 95% confidential limits for LC 50 values in different passages of each fungal isolate were overlapping, so there were not statistical differences among LC 50 values in various transfers of both isolates (Table 3) . However, data in Table 3 shows an increasing trend in LC 50 values of DEBI007 following increase in the number of in vitro passages, suggesting decrease in virulence with increment in the number of serial passages. In DEBI008, LC 50 values were varying among different passages. However, there were no statistical differences.
Discussion
Fungi are notoriously known for losing virulence when serially transferred on artificial media (Butt et al. 2006) . The number of serial in vitro passages has an impact on virulence, although the absolute length of time on artificial culture does not affect virulence (Hajek et al. 1990 ). Fungal isolates are variable in the pattern of degeneration when successively passaged on axenic cultures; some produce sectores while others decline in spore production and/or virulence (Butt et al. 2006) . In this study, two isolates of the entomogenous fungus Beauveria bassiana showed a declined trend in entomopathogenicity following fifteen serial in vitro transfers. This trend can be seen in LC 50 values, as mean lethal concentrations on host larvae were increased with increment in the number of fungal passages. A considerable part of this degeneration comes from reduction in conidial germination speed (Safavi 2011) . Lack of receptors to respond to cuticular cues may be the cause of slow germination of conidia (Butt et al. 2006 ). Alteration in adhesiveness of fungal conidia to insect cuticle may also decrease virulence of in vitro passaged conidia and results in increased mean lethal time (LT 50 ) values (Inglis et al. 2001) . Studies on serial passages of three isolates of B. bassiana exhibited remarkable increase in LT 50 values (decreased virulence) after fifteen transfers on axenic media (Safavi 2011) . Comparison of probit line slopes between DEBI007 and DEBI008 illustrated that the former was more virulent on T. molitor (4 th instar) larvae as control conidia (Table 3) . However, its conidia attenuated more remarkably after 15 subcultures compared with DEBI008 decreasing its probit line slope by one-half. On the other hand, DEBI008 virulence was not influenced markedly by subculturing. It can be concluded from these results that different isolates of B. bassiana are of variable behaviours in a given situation. Hence, each isolate responses with an isolate-specific manner to subculturing.
Some phenotypic changes such as colour, growth rate and form, and decline in spore production may be typically associated with culture degeneration (Butt et al. 2006 ). In present study, colony growth was monitored in control and three passages with measuring the diameter of colony during fifteen days. Results showed no remarkable differences among subcultures of both isolates of B. bassiana from this point of view. In other words, serial in vitro passages caused no decline in fungal biomass. Also, there was no other considerable phenotypic variation among control and different subcultures. Vandenberg & Cantone (2004) studied the mycelial dry weight of liquid cultures of three isolates of Isaria fomosorosea (as Paecilomyces fumosoroseus) after in vitro passages. Mycelial biomass was reduced in only one isolate (ARSEF 4491) after thirty passages on artificial culture (Vandenberg & Cantone 2004) .
Conversely, results suggested a considerable decline in conidiation of both isolates of B. bassiana in response to serial passages on axenic culture. Lord & Roberts (1986) observed that two isolates of Lagenidium giganteum progressively lost the ability to spore formation after prolonged culture on sterol-free agar medium. They account this attenuation for unavailability of sterols that induce sporulation and implying adaptation of pathogen to its host (Lord & Roberts 1986) . Thirty serial in vitro passages of three isolates of Isaria fomosorosea (as Paecilomyces fumosoroseus) resulted in a remarkable decrease in conidia production only in ARSEF 4491 isolate (Vandenberg & Cantone 2004) . Production of fewer conidia by attenuated cultures is presumably due to changes in physiology and/or inability of fungus to respond to the appropriate cues. These cultures take more time to complete this cycle (Butt et al. 2006) .
Slow penetration of fungal bodies to host cuticle may be a factor in attenuated conidia presumably due to the insufficient mechanical force for penetration and/or inability in production of the right set of cuticledegrading enzymes (Butt et al. 2006) . Previous studies on B. bassiana have revealed that Pr1, a cuticledegrading serine protease, is correlated with inoculum virulence (Safavi et al. 2007 ). Pr1 bound to conidia is positively related to virulence. With increase in the number of serial in vitro passages of B. bassiana, the activity of cell wall Pr1 was decreased (Safavi 2011 ). Higher amounts of this protease during fungal sporulation in primary steps of host infection process would ensure the rapid penetration into host cuticle and lower LT 50 values. In this study, Pr1 induction and activity was measured in mealworm cuticle presence. This was carried out to study the role of insect host cuticle in more Pr1 induction and activity in the transferred conidia. Previous studies have shown that sporebound Pr1 activity is declined following serial passages (Safavi 2011) . Some other studies have demonstrated that passage of the transferred conidia from host body can restore the virulence and increase the declined pathogenicity (Hajek et al. 1990; Shah et al. 2005) . This research was the first one to assess the Pr1 activity of in vitro transferred conidia on host cuticle. Results showed that insect cuticle is not the sole inducer of Pr1 activity and there are other determinants in insect body that regulate Pr1 gene induction. Our results were in agreement with the previous findings about the declined spore-bound Pr1 activity of subcultured conidia (Safavi, 2011) and revealed that Pr1 induction and activity was low even using subcultured conidia in the presence of insect host cuticle. This emphasizes the idea that Pr1 releases peptides that induce further Pr1 production (Paterson et al. 1994 ). Therefore, decreased number of Pr1 transcripts in conidial wall of attenuated conidia results in lower Pr1 induction and activity on host cuticle. Inability of attenuated isolates to adopt the host environment would not only delay development of fungal pathogen in host body, but trigger a defence response that would further retard insect colonisation (Butt et al. 1996) .
It is clear that attenuation of entomopathogenic fungi following successive in vitro transfers is probably a combination of inter-connected factors (Butt et al. 2006) ; some were investigated in this research. But it is not exactly clear which processes in fungal development and host attack are influenced in response to serial passages on artificial medium that interfere with their adaptation to their respective host (Butt et al. 2006 ). What we can say is that the proteins in insect cuticle may not control individually the enzyme activity on host cuticle and there are other signals for Pr1 induction in host cuticle presence. However, fungal isolates may restore their virulence after one or more complete passages from host cuticle by switching on the silenced genes during subculturings.
The uncertainty in fungal deterioration comes markedly from differences in the rate and responses of various fungal isolates to attenuation of virulence and phenotypic degeneration. When cultured serially on axenic medium, fungus is restricted to saprophytic mode of food consumption since it is less effective in infecting host insect (Butt et al. 2006) . In other words, easy acquisition of nutrients from artificial medium switches off the pathogenicity-related genes in fungus and directs it to obtain the energy with lower expenses from simple carbon cultures.
Today, fungal biocontrol agents are attracting more attention for use and development in insect control programmes. Degenerate cultures are a major concern to manufacturers of fungal biopesticides since batches that are inconsistent in spore yield or virulence will make the product commercially unviable and growers would be naturally reluctant to use any unstable product (Butt et al. 2006 ). This research revealed that spore yield and Pr1 induction in host cuticle presence were good indicators in B. bassiana conidial quality. However, more research is needed to clarify other components that may be involved in conidial properties and consequently in its virulence toward different insect hosts. Behaviour of other isolates of this fungus in similar cultural conditions can help to identify probably other mechanisms involved in fungal inoculum degeneration. Variability of traits influenced among different isolates of B. bassiana may be helpful in finding a comprehensive trend in fungal attenuation process.
